ABSTRACT. The mechanism through which nonmembranous lipid inclusion bodies consisting of cholesteryl esters accumulate in the cytoplasm was studied. Most lipid inclusion bodies in macrophages after 24 h incubation with anisotropic cholesteryl oleate liquid crystals were surrounded by a limiting membrane. The limiting membrane, however, could not be observed after further incubation for 48 h in the presence of esterastin, which is known to be an inhibitor of lipase and esterase. Under these conditions, the levels of hydrolysis and re-esterification of cholesteryl esters were less than 15% and 5% of the control ones, respectively.
A prominent feature of atherosclerosis is the marked accumulation of lipids, especially cholesteryl esters, in the arterial walls (15) . These lipids are observed as small droplets showing intense anisotropy on polarized microscopy (5). They have been isolated (13, 18) , and their biochemical (13, 18) and morphological characteristics (1, 7, 13, 18) have been examined. They consist mainly of cholesteryl esters (about 95%) and have been called cholesteryl ester-rich lipid droplets (7) . Some of the lipid-laden foam cells are thought to be derived from macrophages (11, 17, 23) . Histochemical and ultrastructural observations have showen that the lipid droplets, with or without a limiting membrane, mainly accumulate in the cytoplasm of foam cells in early atherosclerotic lesions (16) . Studies involving the quick-freeze, etching technique (1) also showed that the lipids that accumulated in foam cells were present as membrane-bound droplets in lysosomes and as membrane-free droplets, with a concentric lamillar structure, surrounded by 10 nm filaments.
When macrophages are incubated with acetyl-LDL (acetylated low density lipoprotein), the acetyl-LDL is internalized through endocytosis and then delivered to lysosomes (2, 6) . Cholesteryl esters in the lipoprotein are hydrolyzed in lysosomes, and free cholesterol is liberated. According to the hypothesis of Brown et al. (2) , the free cholesterol is re-esterified by a microsomal acyl-CoA: cholesterol Abbreviations used: acetyl-LDL, acetylated low density lipoprotein; PBS(-), Can-, Mg2+ free phosphate-buffered saline; ACAT, acyl-CoA: cholesterol acyltransferase. acyltransferase. The resulting cholesteryl esters accumulate as cytoplasmic lipid droplets.
On the other hand, in highly lipid-laden cells, elements of the endoplasmic reticulum are rarely found. Another possible explanation for the accumulation of membrane-free droplets in these highly lipid-laden foam cells is that lipid inclusion bodies accumulate not via microsomes, but are transferred to the cytoplasm with partial hydrolysis of cholesteryl esters, which is analogous to the pathway involving vitamin A-rich lipid droplets proposed by Wake (22) .
In this work, we examined the lipid droplets internalized by macrophages using a new technique developed by Enomoto et al. (4) . Lipid droplets accumulated as membrane-free inclusion bodies even in the presence of esterastin, which is a lipase inhibitor (8, 12, 20, 21) . We discuss the possibility that lipid inclusion bodies are transferred to the cytoplasm from lysosomes after cholesteryl esters have been partially hydrolyzed. ing three types of lipid inclusion bodies were observed: Lp1, lipid inclusion bodies of low electron-density surrounded by a limiting membrane; Lp2, lipid inclusion bodies with slightly high electron density which are not surrounded by a limiting membrane; Ly, lysosomes surrounded by a limiting membrane containing several low-density lipid droplets (indicated by arrows, in Ly). Lp1 , Lp2 and the lipid droplets indicated by arrows in Ly are lipids derived from liquid crystals, since such inclusions cannot be observed in control cells (non-lipid-fed cells) (data not shown). Liquid crystals were first internalised through endocytosis (the boundary of the inclusion body is shown by arrows in Fig. 3 , inset a) and were then observed in endosomes fused with lysosomes, and eventually the liquid crystals were observed in lysosomes (small inclusion bodies in lysosomes are shown by arrows in Fig. 3 , Ly). lipid droplets are transferred from lysosomes to the cytoplasm via the "vesicular pathway" (Path II), analogous to the vitamin A pathway proposed by Wake (22). No noticeable differences in the appearance of lipid inclusion bodies in the cytoplasm with and without esterastin were observed by electron microscopy. We previously showed (13) that the level of cholesterol reesterification was found to be 7.8% after 24 h and 21.3% after 48 h under these conditions. We interpreted these results as showing that some cholesteryl esters are transferred from lysosomes without hydrolysis and accumulate as lipid inclusion bodies without limiting membranes, even under normal conditions (in the absence of esterastin).
MATERIALS AND METHODS

Preparation
Most lipid droplets with no limiting membrane appear to comprise a relatively electron-dense rim surrounding an electron lucent core (Fig. 4, Lp2) . These features were also observed frequently in lipid-laden cells in atherosclerotic lesions and in in vitro cells with lipid inclusion bodies (14) . This suggested that some changes in the properties of lipids might occur in lipid inclusion bodies without a limiting membrane when they are located in the cytoplasm. One explanation for this observation is that a compositional change of lipids in terms of double bonds of fatty acids had taken place and that they were more likely to be oxidized by osmium. It is possible that the lipid droplets had been condensed or that the pH in the vesicles had changed. The lipid droplets with an electron-dense rim in cultured cells might arise through the same mechanism as in an atherosclerotic lesion in vivo.
These results suggested a new "vesicular pathway" for the accumulation of cholesteryl ester lipid inclusion bodies without a limiting membrane in the cytoplasm. They also may lead to a better understanding of how macrophages change into lipid-laden foam cells in atherosclerotic lesions, since foam cells might be transformed after endocytosis of anisotropic lipid droplets derived from ruptured cells. Ly, lysosome; FC, free cholesterol; N, nucleus; ER, endoplasmic reticulum; PG, phagolysosome; ED, endosome.
